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Abstract
With graphene at the center of several application areas such as sensing, circuits, highfrequency devices for communication systems, etc., it is crucial to understand how the intrinsic
properties of devices made from graphene and other materials like platinum and palladium
nanoparticles affect the performance of such devices for the specific application area. Many
graphene-based devices for different application areas have focused mainly on the material
composition of the graphene-based devices and how it affects performance parameters for the
specific application. However, it would be insightful to understand how the intrinsic electrical
properties of the graphene devices for different applications affect the performance parameter for
those application areas.
Following the path to be able to correlate the intrinsic electrical properties of graphenebased devices, the first part of this dissertation explored the electrical transport properties of
graphene on novel locally-sourced insulating substrate Cadmium trithiophosphate (IV)- CdPS3.
Employing the fabrication techniques for 2-Dimensional (2D) materials such as mechanical
exfoliation, electron beam lithography, metal evaporation, atomic force microscopy, and lowtemperature transport measurement using an optical cryostat, graphene devices on CdPS3, and
graphene devices on hexagonal boron nitride (hBN) were fabricated and characterized. CdPS3
was discovered to have a flatter surface than hBN, and graphene devices on CdPS3 appear to
generate a highly conductive interface between the graphene and CdPS3.
The second part of this work explored the non-covalent functionalization of
commercially available CVD graphene Si/SiO2 substrate using Sodium Dodecyl Sulphate (SDS).
Functionalization of graphene is vital for the integration of graphene in different applications.
Functionalization helps to overcome the hydrophobic and inert nature of graphene for further

processing such as atomic layer deposition. CVD graphene samples were treated with different
surfactant concentrations and for different treatment times. Characterization of the CVD
graphene samples was done using atomic force microscopy and optical microscopy. The CVD
graphene was observed to delaminate from the substrate and the extent it delaminated from the
substrate depended on the surfactant concentration and treatment duration. To achieve a higher
concentration of surfactant for CVD graphene functionalization, the surfactant was dissolved in
water and isopropyl alcohol. This approach prevented the delamination of the graphene from the
substrate and different concentrations of surfactants and duration of treatment affect the surface
roughness of the functionalized graphene.
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Chapter 1: Introduction
Since its discovery in 2004 [1], graphene has become the most researched and studied 2dimensional (2D) material [2, 3] and has also opened up the study of several other 2D materials
and 2D materials heterostructures [2, 4]. However, despite Wallace's theoretical prediction for
the unique electrical properties of graphene in 1947 [6], it took over five decades to
experimentally isolate the material and start exploring this pioneering 2D material because a 2D
carbon has been theoretically expected not to exist [3]. In theory, strictly 2D crystals were
thermodynamically unstable due to divergent contributions of thermal fluctuations. Based on the
prediction that 2D materials are thermodynamically unstable, 2D graphene should form curved
structures such as soot, fullerenes, and carbon nanotubes [3, 5].Experimental observation of
theoretically predicted electrical properties such as high carrier density and mobility opened the
door to various applications in electronics, photonics, and sensing [6, 7].
This work stems from exploring the unique electrical properties of graphene towards the
development of hydrogen sensors for application in the much-talked-about hydrogen economy [8].
The buzz about the hydrogen economy is due to hydrogen's unique properties that make it the
potential source of renewable and clean energy for different aspects of the economy.
stems from exploring graphene's unique electrical properties
1.1 Importance of hydrogen and hydrogen sensor

The demand for cleaner and more sustainable forms of energy has led to research efforts into
alternative energy sources. The need is driven by the exhaustible nature and environmental concern
of fossil fuels such as oil, coal, and natural gas- the leading sources of energy at present [9, 10]. The
alternatives that have been explored include solar, wind, and nuclear power [9, 11].
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With two-thirds of the U.S oil consumed for transportation purposes [9, 12], the use of
hydrogen as a fuel for vehicular activities is one of the primary motivations for research and
development of a
hydrogen economy [13, 14]. For example, the U.S Department of Energy (DOE), through the Fuel
Cell Technologies Office (FCTO), has a Hydrogen Storage Program that focuses on hydrogen
storage development for use in fuel cell electric vehicles (FCEVs) [14].
Hydrogen is an energy carrier generating a lot of interest due to its unique properties and the
clean and environmentally friendly nature of the energy it produces [9-11, 15]. For example,
hydrogen can generate more chemical energy per mass than any other fossil fuel, generating 142
MJKg-1, three times that of equivalent hydrocarbon fuels [10, 13]. In addition, hydrogen has a higher
efficiency of about 60% than gasoline and diesel, with 22% and 45% efficiencies, respectively.
Furthermore, hydrogen burns in oxygen or air to produce water in the form of steam as the byproduct. It makes hydrogen environmentally friendly by not releasing CO2 and other greenhouse
gases that harm the environment [9-11, 16].
The abundance of hydrogen as an element [17] and its potential as a source of cleaner energy
is driving countries and different government agencies to push for research, development, and
demonstration in hydrogen energy research to achieve a “hydrogen economy” [10, 12, 14]. Naiz et al.
[10] defined the hydrogen economy as “the infrastructure which is used to support the hydrogen
energy requirements of the society.” Hydrogen sensing and storage are integral parts of the hydrogen
economy. Hydrogen sensing is critical because hydrogen is highly flammable; it is colorless,
odorless, and tasteless and cannot be easily detected [18]. Hydrogen is also the lightest of all
elements, has the smallest molecule, and has a high propensity for leakage.
Hydrogen is highly flammable and burns at concentrations as low as 4% (by volume). It has a
wide flammability range a with a lower explosive limit (LEL) of 4% and an upper explosive limit
UEL of 75% [17, 19]. The flammability window of hydrogen is wider than any natural gas and seven
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times wider than that of methane. In addition to being highly flammable, hydrogen has the lightest
and smallest molecule; hence it has a high tendency to leak. To explore the unique properties of
hydrogen in space and other application areas, hydrogen sensors are of extreme importance for safety
reasons. Hydrogen gas sensors are expected to have a wide measurement range (1–99% v/v) for
safety applications. They are also expected to have good sensitivity (as low as one ppm) and
millisecond response times for different applications [19, 20].
Since the isolation of graphene [1] and its application as a gas sensor [21], graphene has
drawn a lot of attention from researchers, majorly due to its interesting electrical properties [5]. For
the purpose of hydrogen gas sensing, pristine graphene alone has been shown to exhibit little or no

sensitivity to hydrogen [19, 22], and nanoparticle-decorated graphene and reduced graphene
have shown selectivity and response to hydrogen sensors [23].
Compared to their bulk materials, Nanoparticles are known to be suitable materials for
hydrogen gas sensors because of their large surface-to-volume ratio, high specific surface area,
and an increased number of active surface sites [24]. Palladium and platinum are the commonly
used nanoparticles for hydrogen sensing due to the high hydrogen solubility in both metals.
The combined properties of graphene and the nanoparticles have pushed research into these
materials for hydrogen gas sensors. This research interest is even further intensified due to the
proposed shift to a hydrogen economy primarily driven by using hydrogen as an energy carrier in
vehicles. The goal has been to improve the hydrogen gas sensor sensitivity, selectivity, speed
(which includes the response and recovery time of the sensor), and stability. These sensor
parameters are referred to as the “4S”. The Department of Energy has provided a guide for the
expected values of some of these parameters, as shown in Table 1 for hydrogen gas sensor
requirements [25].
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Table 1: DoE Targets for Hydrogen Safety Sensor R&D
Parameter
Measurement Range
Operating Temperature
Response Time
Accuracy
Gas Environment
Lifetime
Interference

Value
0.1% to 10%
-30 °C to 80 °C
< 1s
5% of full scale
Ambient air, 10% to 98% R.H.
10 years
Resistance (e.g., hydrocarbon)

1.2 Research Trends in Graphene-Base Hydrogen Sensors

Graphene and nanoparticles have been widely studied and employed to improve the
sensing parameters of graphene-based hydrogen sensors because of the larger surface area of
graphene and higher carrier mobility compared to other graphitic materials like carbon nanotubes
[26]. Graphene, in combination with only palladium (Pd) [17, 22, 27, 28] and platinum (Pt), is
commonly used for hydrogen sensors. In some research, Pd and Pt were used together with
graphene as the sensing element in the hydrogen gas sensor [29, 30]. Platinum is known to have
good hydrogen adsorption and desorption properties, while palladium shows enhanced reactivity
to hydrogen
Different forms of graphene in the form of chemically synthesized reduced graphene [31]
oxide and CVD single-layer graphene have been used for hydrogen gas sensors. Most of the
work done using reduced graphene oxides is synthesized using Hummer’s method (HM) or
Modified Hummer’s method (MHM) from graphite [31, 32]. The graphene oxide is chemically
reduced or thermally reduced to form reduced graphene oxide, which is electrically conductive
compared to graphene oxide, which is not.
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Several methods have been used to incorporate nanoparticles into graphene, and these
methods are classified as either in-situ or ex-situ methods [33]. Chemically synthesized reduced
graphene oxide is usually decorated with nanoparticles using the in-situ method. In the in-situ
method, graphene oxide is reduced simultaneously with the salt of the desired elements. For
platinum and palladium nanoparticles, chloroplatinic acid (H2PtCl6) [30, 34] and palladium
acetylacetonate (Pd(C₅H₇O₂)₂) or palladium chloride (PdCl2) are common metal salt used. In the
ex-situ approach, the desired metal nanoparticle size and shape are first synthesized before being
transferred to the graphene, graphene oxide, or reduced graphene to form the composite
materials.
The hydrogen sensing performances of the different material combinations were
investigated in separate carrier gas like air which can be dry, humid, or synthetic Argon and
Nitrogen. Most of the works on graphene-based hydrogen gas sensors have focused on
correlating sensing materials/structure with the hydrogen sensing performance. A summary of
recent works showing the sensing material and hydrogen sensing performances – response time,
sensitivity, and measurement range (see Table 2). As seen in Table 1, none of the hydrogen gas
sensors based on graphene has shown a response time of less than a second, as specified by the
DoE requirements for hydrogen gas sensors. Also, there is no clear understanding of why the
different graphene-nanoparticle composites give various hydrogen sensing performances.
Sensor sensitivity and response time are two important performance parameters for hydrogen gas
sensors [19]. Sensitivity is generally defined as

𝑆 (%) =

𝑅𝑔 −𝑅𝑎
𝑅𝑎

× 100

𝑅𝑔 is the resistance of the sensing material in the presence of gas (hydrogen), and 𝑅𝑎 is the
resistance of the sensor in the absence of hydrogen.
5

(1)

Table 2: Summary of Recent Studies of Hydrogen Sensing Materials

Material

Pt/TiO2/RGO

Pd/TiO2/RGO

Pt/f-MWNT

Pt/f-G

Pd/G

Pd/G

Pd-Pt/G

Pd/G

Pd/G
Pd/G

Pd/G

Pd/G

Pd/G

Pt–SnO2/RGO

Fabrication Method
Photoreduction of
HM GO and TiO2/
reduction process of
Pt precursor salts
Photoreduction of
HM GO and TiO2/
reduction process of
Pd precursor salts
CCVD MWNT/
reduction process of
Pt precursor salts
Thermal exfoliated
RGO/ reduction
process of Pt
precursor salts
CVD
graphene/thermal
evaporation Pd
HM RGO/Layer-bylayer deposition Pd
HM RGO/reduction
process of Pd
precursor salts
HM RGO/reduction
process of Pd
precursor salts
HM RGO/reduction
process of Pd
precursor salts
HM RGO/sputter
coating Pd
HM RGO/reduction
process of Pd
precursor salts
Chemical Vapor
Deposition – single
layer
graphene/thermal
evaporation Pd
Liquid Phase
Exfoliation
Graphene/ reduction
process of Pd
precursor salts
HM RGO/coated
with SnO2/
reduction process of
Pt precursor salts

Operating
Temperature
(oC)

Conc.
H2
(ppm)/
vol %

Response
Time (s)

Recovery
Time (s)

Sensitivity
(%)

180

500
(ppm)

54s

48s

18s

Carrier

Conc.
Range
(ppm)

Ref.

46

Dry air

100 10000

[35]

29s

92

Dry air

100 10000

[35]

7 mins

Not
reported

8

Air

Not
reported

[19]

9 mins

Not
reported

16

Air

Not
reported

[19]

900

1500

33

N2

20-1000

[36]

60

120

50

Humid
air

0.5%1.0%

[17]

Ar
Synthetic
Air (RH
40)

Not
reported
1 ppm –
10000
ppm

RT

500
(ppm)
4 vol
%
(40000
ppm)
4 vol
%
(40000
ppm)
0.1 %
(1000
ppm)
1%
(10000
ppm)

RT

2%

<2

18

4.3

RT

0.1 %

360

120

25

R.T.

0.1 %

1080

11

30

0.1 %

996

840
Not
reported

RT

0.1 %

600

30

2%

6

180

RT

R.T.

RT

[32]

6- 1000
ppm

30

Synthetic
Air
Air (RH
30)

840

7

Synthetic
Air

1-1000
ppm

[35]

45

51.4

Ar (dry)

Not
reported

[28]

0.1%–
1%

[38]

0.5% 3%

[39]

RT

1%

30

480

26

Synthetic
Air (RH
50)

50

1%

5s

4s

200

Air

6

[30]

[31]
[37]

The sensor's response time is defined as the time it takes for its resistance change to reach 90% of
its maximum value [23].

1.3 Hydrogen Sensing Mechanism

The hydrogen sensing mechanisms in bulk and thin-film Pd and Pt is due to either
electronic or geometric effects [28]. In the electronic effect, hydrogen adsorption, which can be
physisorption or chemisorption, increases electrical resistance in Palladium (Pd) and Platinum
(Pt). The rise in resistance arises because the adsorbed hydrogen serves as an electron scattering
center in the metal, which affects electron transport in the metal. In geometric effect, the gaps
between quasi-continuous Pd films or nanoparticles are closed after hydrogen adsorption,
thereby reducing the resistance to electron flow. Pt and Pd form hydrides on hydrogen
adsorption, which decreases the Pd and Pt work function [28].
For Pd-decorated graphene, Kumar et al. [28] described the hydrogen mechanism as a
function of the interaction between Pd and graphene and the interaction of Palladium hydride on
graphene. As shown in Figure 1, the Palladium work function is lower than graphene, and
electrons are transferred from graphene to the metal. The metal hydride's work function on
hydrogen adsorption becomes higher than that of graphene. This transfer of electrons in the
metal-graphene composite material on adsorption and desorption of hydrogen defines the sensing
mechanism of the composite material.
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Figure 1: Hydrogen Sensing Mechanism (a) in the absence of hydrogen (b) in the presence of
hydrogen [28].

1.4 Motivation and Research Scope

From the studies shown in Table 2 above, the fastest response time of fewer than two
seconds was reported by Kumar et al. [30] nanoparticle graphene composite material for
hydrogen gas sensing. In their, work Pt-Pd was incorporated into reduced graphene oxide (RGO)
through the in-situ method. However, it is unclear which property of the Pt-Pd/RGO composite
material was responsible for the fast response time observed in this material. Similarly, most
studies on nanoparticle-graphene-based hydrogen gas sensors have used different nanoparticle
morphology in conjunction with graphitic materials in various forms and then measured the
hydrogen sensing parameters. Therefore, the structure-performance correlation of most of the
above studies does not explain the performance parameters exhibited by the sensing element
used in the studies.
It is important to note that understanding the interactions at the interface of the graphenenanoparticle is not trivial due to different phenomena such as contact-induced strain, formation
8

of the dipole, and differences between chemisorption/physisorption process, etc.[28]. In addition
to exploring different materials to improve the hydrogen sensing performance, it is also essential
to understand how the material's electronic property affects the material's hydrogen sensing
performance. Hence, the material structure-sensor performance parameter correlation can be
extended to structure-structure properties- sensor performance correlation.
The above motivation of trying to correlate the intrinsic properties of the graphene-based
device to performance parameters in sensing and high-frequency applications motivated the
scope of research studied in this work (See Figure 2). The scope of work covered in this research
is as follows:
•

Design, fabricate and characterize graphene devices on novel substrate material Cadmium
trithiophosphate (IV) (CdPS3) and compare them with established graphene devices on
hexagonal boron nitrate (hBN).

•

Investigate the non-covalent functionalization of graphene synthesized using chemical
vapor deposition (CVD) for application towards sensors and high-frequency devices.

Figure 2. Research flow and scope of work.

9

1.6 Graphene Synthesis

Graphene synthesis techniques are generally classified as top-down and bottom-up [4043]. Figure 3 shows the different synthesis methods that fall under these two broad classifications.
The choice of a technique used for synthesizing depends on the desired size, quality, and the
intended application of the graphene samples. The top-down graphene synthesis method involves
starting with the bulk 3-dimensional graphite and stripping it down to monolayer graphene or a
few layers of graphite. The bottom approach consists of starting with the smallest entity- in the
case of graphene, carbon- and building the up to form the desired material [42].
The two variations of graphene used in this work are mechanically exfoliated graphene and CVD
graphene, described below.

Figure 3. Graphene synthesis methods [40].

1.6.1 Mechanical Exfoliation

Mechanical exfoliation is a top-down method of making graphene, producing the highest
quality of graphene samples [43, 44]. It is also the first method used for isolating graphene by
Novoselov and Giem, who won a Nobel prize for their work in graphene [45]. In mechanical
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exfoliation, scotch tape or other types of tape is used to peel off a few layers of graphite from a 3D
crystal of highly ordered pyrolytic graphite (HOPG) and transfer it to the desired substrate. The
optical contrast of the graphene flakes of different thicknesses on a 300 nm silicon oxide (SiO2)
substrate makes it possible to flake hunt monolayer graphene flakes. However, finding monolayer
graphene flakes on the substrate is time-consuming and utterly random. It is a process that has
been described to require special care and perseverance [3]. Figure 4 shows an image of the bulk
crystal HOPG and the graphene's appearance on the tape after exfoliation and transfer to a
silicon/silicon dioxide substrate. The figure also showed an image of an earlier device made by
picking a few layers of graphite flakes with a tweezer from the tape and using sliver paints as
electrodes.

Figure 4. Bulk crystal HOPG and graphene's appearance on tape after
exfoliation and transfer to a silicon/silicon dioxide substrate [45].
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Though the mechanical exfoliation method produced the highest quality of graphene, the random
and cumbersome process of flake hunting and the small size of flake produced make it challenging
to scale up mechanical exfoliation for high volume production.

1.6.2 Chemical Vapor Deposition (CVD)

CVD produces graphene, a bottom-up method of synthesizing large-area monolayer
graphene [46, 47]. In the CVD method, different substrates such as metals – copper [46], Nickel
[48], Platinum [49], Iridium [50], Ruthenium [51, 52], Sapphire [53-56] to different hydrocarbon
precursors such as methane, ethylene and acetylene, hexane, and pentane at high temperatures.
The growth mechanism for the different substrates and hydrocarbons used for CVD varies. The
CVD method produces mainly monolayer graphene sheets on the various substrates that need to
be transferred to an insulating substrate like SiO2/Si. This is the most challenging step in CVDsynthesized graphene as it is difficult to attach it to an insulating surface without affecting the
graphene's planar structure, chemically altering the graphene's intrinsic properties [47]. Figure 5
shows the process of transferring graphene after CVD growth on a metal substrate to an
insulation substrate. The transfer process can either be wet or dry. CVD produces large-area
graphene and offers a path for scalability graphene productions compared to other techniques
[46, 47]. Figure 6 shows an optical image, scanning electron microscope, and atomic force
microscope images of the commercially available CVD graphene used in this work.
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Figure 6. Transfer process of graphene after CVD growth on a metal substrate to an insulation
substrate [47].

(a)
(b)

Figure 5. Optical image, scanning electron microscope, and atomic force microscope
images of the commercially available CVD graphene.
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1.7 Structure and Electronic Properties of Graphene

Graphene is a 2D hexagonal lattice of carbon atoms. It is a single layer of a 3D layered
hexagonal carbon atom. Graphene rolled up to form a tube is known as carbon nanotube and,
when wrapped, is known as fullerene [57] (see Figure. 7).

(a)

(b)

(c)

(d)

Figure. 7. Different carbon arrangements (a) A monolayer graphene is a carbon atom in a
honeycomb lattice. (b) Graphite is a stacked layer of monolayer graphene. (c) A carbon
nanotube is monolayer graphene rolled into a cylindrical tube. (d) Fullerene is a wrapped form
[57].
Figure. 8 shows (a) the graphene unit cell in the dashed line is made of equivalent carbon
atoms A and B, and (b) the Brillouin zone, with ⃗⃗⃗⃗
𝑎1 and ⃗⃗⃗⃗
𝑎2 are the actual space unit vectors and
⃗⃗⃗
𝑏1 and ⃗⃗⃗⃗
𝑏2 are the lattice vectors in reciprocal space. In the cartesian coordinate, the unit vectors
𝑎1 and ⃗⃗⃗⃗
⃗⃗⃗⃗
𝑎2 are given as [58]:

√3

𝑎

√3

𝑎

𝑎1 = ( 2 𝑎, 2), ⃗⃗⃗⃗
⃗⃗⃗⃗
𝑎2 = ( 2 𝑎, − 2),
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(2)

y

k𝑦

𝑥

k𝑥

Κ
Γ

M
Κ′

Figure 8. (a) Graphene showing the unit cell in dashed line (b) The
Brillouin zone of graphene showing the first Brillouin zone shaded and the
high symmetry points [57].

and 𝑎 = |𝑎
⃗⃗⃗⃗1 | = |𝑎
⃗⃗⃗⃗2 | = 1.42 × √3 = 2.46 Å is the lattice constant. The unit vectors in the
reciprocal lattice are
2𝜋 2𝜋
2𝜋
2𝜋
⃗⃗⃗
𝑏1 = (
, 2 ), ⃗⃗⃗⃗
𝑏2 = (
, − 2 ),
√3𝑎

The lattice constant is

4𝜋
√3𝑎

√3𝑎

(3)

in reciprocal space. The first Brillouin zone is shown as the shaded

hexagon in Figure. 2(b), and three high symmetry points Γ, Κ, and Μ are also shown. The energy
dispersion of graphene is usually calculated along the triangle ΓΜΚ shown as the dotted triangle.
The electronic properties exhibited by graphene is because of the unique feature of its band
structure. The band structure can be obtained using the tight-binding method. A general
procedure for obtaining the energy dispersion using the tight-binding method will be given
below before applying it to the case of graphene.
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1.7.1 Tight Binding Calculation

This discussion of the tight-binding calculation follows the discussion of Saito et al.
(Saito et al., 1998). Due to the translational symmetry of unit cells in the direction of the lattice
vectors, ⃗⃗⃗
𝑎𝑖 , (𝑖 = 1, … ,3), any wave function, 𝚿, of the lattice will satisfy the Bloch’s theorem,
𝑇⃗⃗⃗⃗𝑎𝑖 𝚿 = 𝑒 𝑖𝑘⃗.𝑎⃗𝑖 𝚿, (i = 1, … ,3)

(4)

⃗ is the wave vector.
Where 𝑇⃗⃗⃗⃗𝑎𝑖 is a translational operator, ⃗⃗⃗
𝑎𝑖 is the lattice vector, and 𝑘
A functional form that satisfies the equation above is the jth atomic orbitals in an atom or a unit
cell. A Bloch wave function in tight binding is given by
⃗ , 𝑟) =
Φ𝑗 (𝑘

1
√𝑁

⃗ .𝑅
⃗
𝑖𝑘
∑𝑁
𝜑𝑗 (𝑟〗 − 𝑅⃗ ) , (𝑗 = 1, . . , 𝑛)
⃗ 〖𝑒
𝑅

(5)

In Eq. (4), 𝑅⃗ is the position of the atom, 𝜑𝑗 is the atomic wavefunction (orbital) in state 𝑗,
𝑁 is the number of the unit cell, and 𝑛 is the number of atomic orbitals (wavefunctions) in a unit
⃗.
cell. The number of orbitals, 𝑛, implies there are 𝑛 Bloch functions for a given wavevector, 𝑘
Eigenfunction in the solid 𝚿_𝑗 ((𝑘 , 𝑟 ) (𝑗 = 1, … , 𝑛), where 𝑛 is the number of Bloch
⃗ , 𝑟) from
wavefunctions, can are expressed as a linear combination of the Bloch functions Φ𝑗′ (𝑘
Eq. (4) as shown below:
⃗ )Φ𝑗′ (𝑘
⃗ , 𝑟)
𝚿_𝑗 ((𝑘 , 𝑟 ) = ∑𝑛𝑗′ =1 𝐶𝑗𝑗′ (𝑘
⃗ , 𝑟) with the same 𝑘
⃗ so that
The summation in Eq. (5) is taken only for Bloch orbitals Φ𝑗′ (𝑘
𝚿_𝑗 ((𝑘 , 𝑟 ) can satisfy Bloch’s theorem.
⃗ ), for 𝑗 = 1, … , 𝑛 is given by
The j − th eigenvalue E𝑗 (𝑘
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(6)

⃗)=
E𝑗 (𝑘

⟨𝚿𝑗 |ℋ |𝚿𝑗 ⟩
⟨𝚿𝑗 |𝚿𝑗 ⟩

=

∫ 𝚿𝑗 ∗ ℋ𝚿𝑗 𝑑𝒓

(7)

∫ 𝚿𝑗 ∗ 𝚿𝑗 𝑑𝒓

Where ℋ is the Hamiltonian of the solid. Substituting Eq. (5) into Eq. (6) and doing a change of
subscript leads to

⃗)=
E𝑖 (𝑘

⃗ )⟨Φ𝑗 |ℋ |Φ ′ ⟩
∑𝑛 ′ 𝐶𝑗𝑗′ ∗ 𝐶𝑗𝑗′ (𝑘
𝑗
𝑗,𝑗 =1
∑𝑛 ′ 𝐶𝑗𝑗′ ∗ 𝐶𝑗𝑗′ ⟨Φ𝑗 |Φ𝑗 ′ ⟩
𝑗,𝑗 =1

=

⃗ )𝐶 ′ ∗ 𝐶 ′
∑𝑛
ℋ (𝑘
𝑗𝑗
𝑗𝑗
𝑗,𝑗′ =1 𝑗𝑗′

(8)

⃗ )𝐶 ′ ∗ 𝐶 ′
∑𝑛 ′ 𝑆𝑗𝑗′ (𝑘
𝑗𝑗
𝑗𝑗
𝑗,𝑗 =1

⃗ ) and 𝑆𝑗𝑗 ′ (𝑘
⃗ ) are
Eq. (7) integrals are carried out over the Bloch orbitals. The integrals ℋ𝑗𝑗′ (𝑘
called the integral transfer matrices and the overlap integral matrices, respectively. They are
defined as
⃗ ) = ⟨Φ𝑗 |ℋ|Φ𝑗′ ⟩, 𝑆𝑗𝑗′ (𝑘
⃗ ) = ⟨Φ𝑗 |Φ𝑗′ ⟩
ℋ𝑗𝑗′ (𝑘

(𝑗, 𝑗 ′ = 1, … , 𝑛)

(9)

⃗ ) is referred to as the hopping term (usually designated as 𝑡) used in tight binding
ℋ𝑗𝑗′ (𝑘
calculations found in the literature.
After further mathematical steps to optimize the coefficient 𝐶𝑗𝑗′ ∗ (details can be found in Saito et
al.), the following eigenvalue equation is obtained
⃗ )𝑆𝐶𝑖
ℋ𝐶𝑖 = E𝑖 (𝑘

(10)

⃗ ) (𝑖 = 1, … , 𝑛) for a given 𝑘
⃗.
The solutions of Eq. (9) give the 𝑛 eigenvalues of E𝑖 (𝑘
To perform the actual tight-binding calculation, the following procedures are followed:
1. Define the unit cell and the unit vectors of the crystal. Specify the coordinate of the atoms
in the unit cell and the atomic orbitals associated with the atoms.
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2. Define the Brillouin zone, the reciprocal lattice vectors and the high symmetry point, the
⃗ vector along the path that the calculation will be carried
high symmetry path, and the 𝑘
out.
⃗ the point selected, the transfer and overlap matrix elements ℋ𝑗𝑗 ′ (𝑘
⃗ ) and
3. For each 𝑘
⃗ ) are calculated.
𝑆𝑗𝑗′ (𝑘
⃗ points the eigenvalue of the Eq. (9) is evaluated, and so are the coefficients 𝐶𝑖
4. For each 𝑘
In the case of monolayer graphene, there are two atoms in the unit cells with four valence
electrons each. This gives a total of 8 orbitals (2𝑠 𝐴 , 2𝑝𝑥𝐴 , 2𝑝𝑦𝐴 , 2𝑝𝑧𝐴 , 2𝑠 𝐵 , 2𝑝𝑥𝐵 , 2𝑝𝑦𝐵 , 2𝑝𝑧𝐵 ) for
the tight-binding calculations [58]. The A and B superscripts correspond to the atomic orbitals
for the A and B atoms in the graphene honeycomb structure (See Figure. 9). Figure. 9 shows the
3 𝑠𝑝2 hybridized orbitals for each carbon that form 𝜎 bonds with the nearest neighbor carbon
atom, and the one 2𝑝𝑧 orbital perpendicular to the graphene plane and forms the 𝜋 covalent
bonds in graphene [59].

Figure 9. The atoms in graphene unit cell have three sp2 hybridized
orbital in the plane of graphene and a 2pz perpendicular to its plane [59].
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The transfer matrix for the case of graphene becomes an 8x8 matrix in which elements
are evaluated as described in Eq. (8) [60]. In practice, these integrals are not solved individually.
However, schemes like that of Slater and Koster [61] are employed to find the transfer and
overlap transfer matrix elements. Using the Slater and Koster scheme, detail in [61] and coupling
parameter from Saito et al. [58]. The energy dispersion relations for 𝜎 and 𝜋 bands are calculated
and shown Figure 10 (code for the calculation in the appendix H).

Energy (eV)

𝜎∗

𝜎∗

𝜋∗

𝜎

𝜋

𝜎

Figure 10. Tight binding calculation for monolayer graphene showing the
different bands and the Dirac point at K.

1.8 Electronic Transport in Graphene on Different Substrates

One of the properties that led to the rise of graphene is its unique electronic property. The
electronic properties of graphene arise from its gapless band structure around the K and Kˊ points
of the Brillion zone. Figure 11 shows the 3D band structure of graphene, showing the conical
structure of the band structure close to the K and Kˊ points of the Brillion zone.
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Figure 11. Graphene conical structure showing the band structure close
to the K and Kˊ points of the Brillion zone [57].

This structure of the band structure is responsible for the unique electronic properties of
graphene that makes it promising for a wide range of application areas highlighted below:
•

Graphene exhibits high mobility, making it useful in high-frequency applications [62, 63].

•

Carrier mean free path of about 500nm with carrier concentration of about 1011/cm2 make
graphene applicable in ballistic transport devices. In ballistic transports, the electrons are
not scattered between the source and drain. [64, 65].

•

Graphene has been demonstrated as a very sensitive gas sensor that can detect a single gas
molecule [21, 66].

•

Nanoribbons (18 nm – 52 nm widths) from graphene have been used as interconnects and
have resistivities comparable to copper [67].

•

Graphene has also been explored in spintronics- which uses the spin degree of freedom of
electrons for information storage and logic devices [68]. Spin injection in a graphene
device has survived for a long distance in the micron range [69].
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The transport properties of graphene have been studied on different substrates. From the
pioneering works on graphene field-effect devices by Novoselov and Geim [1, 3, 21, 70],
graphene devices were fabricated on SiO2 substrate as the dielectric by mechanical exfoliation,
lithography, and other fabrication techniques. Figure 12 shows the optical image of few-layer
graphene, the AFM images of graphene flakes, the schematic of the device fabricated, and the
SEM images.

(c)
a

(b)

(a)

(e)

(d)

Figure 12. (a) Optical image of few-layer graphene, (b) AFM image of graphene
flakes, (c)Another AFM image of graphene, (d) SEM images, (e) Schematic of the
device fabricated [1, 3].

By applying a voltage to the highly doped silicon serving as a back gate, surface charges
are induced, which give rise to the field dependence of graphene conductivity as a function of the
applied gate voltage. Figure 13 shows the gate dependence of the conductivity at a temperature
of 10 K. It shows a linear dependence as a function of gate voltage in the high-density limit for
positive and negative gate voltages (Vg).
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Figure 13. Gate dependence of the conductivity at a temperature of 10 K [70].

Graphene also exhibits a significant ambipolar electric field effect where charge carriers
can be either holes or electrons depending on the sign of the gate voltage. The applied gate
voltage changes the position of the Fermi level, as shown in Figure 14. Positive gate voltages
move the Fermi level into the conduction band where the current carriers are predominantly
electrons, while negative gate voltages move the Fermi level into the valence band where the
current carriers are predominantly holes.
In the low-density limit, graphene shows a conductivity minimum (this corresponds to
the resistivity peak of Figure 14, which is also now known as the Dirac peak) which is never zero
even though the carrier concentration vanished at the conductivity minimum. Different graphene
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devices exhibit different properties on different dielectrics. The carrier mobility of graphene on
SiO2 in the pioneering work from Novoselov and Geim’s group was reported to be as high as
10,000 cm2/Vs. with carrier density of n ≈ 5 × 1012 cm−2 [3, 70].

Figure 14. Gate voltage dependence of resistivity showing
graphene Dirac peak and ambipolar nature of graphene [3].
Other studies on the transport of graphene on SiO2 have reported carrier mobility in the
range of 1 − 25 × 103 cm2 /Vs [3, 65, 71, 72]. Graphene on SiO2 has a predicted high intrinsic
carrier mobility of up to 2 × 105 cm2 /Vs. [73] which would be higher than the mobility of InSb,
which is the semiconductor with the highest know carrier mobility of 7.7 × 104 cm2 /Vs [74].
The limit to the experimentally obtained mobility for graphene on SiO2 has been attributed to
strong impurity scattering, limiting the electron mean free path to less than 1 µm [75]. While the
nature scattering limiting graphene mobility is still unclear, studies have pointed to the
interaction between the graphene and the underlying SiO2 as the major limiting factor [75]. The
carrier mobility is also limited by charge surface states and impurities [76-79], substrate surface
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roughness [80-82], and SiO2 optical phonon [80, 83]. Due to the limiting effect of SiO2 on the
mobility of graphene, some researchers explore the idea of eliminating SiO2 in graphene-based
devices.
By measuring the carrier transport of suspended graphene- graphene without SiO2 as the
underlying substrate- a carrier of mobility above 200,000 cm2 /Vs [64, 75, 84, 85]. Figures 15
and 16 show the schematics for two variations of suspended graphene.

Figure 15. Schematics of first variation of suspended graphene
[64].

Figure 16. Schematics of second variation of suspended graphene [75].
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To achieve the suspended graphene device, the Graphene device with large enough
contacts patterned with electron beam lithography was dipped into 1:6 buffered oxide etch
(BOE) for 90s. This uniformly removed 150 nm of SiO2 across the entire substrate, including
under the graphene flake [75].
Though, suspended graphene exhibit high mobility, the robustness of the suspended
graphene becomes an issue at high gate voltages that attracts graphene to the SiO2 [75], and the
geometry of the suspended graphene device imposes a limitation on the architecture and
functionality of the device.
To resolve the problem associated with suspended graphene, Dean et al. fabricated
graphene devices on hexagonal boron nitride (hBN) and performed transport measurements [86].
Hexagonal boron nitride has interesting structural and dielectric properties that make it well
suited as a replacement for SiO2 in graphene-based devices. hBN is an insulating isomorph with
the same crystalline form as graphite, with boron and nitrogen atoms replacing the carbon atoms
of graphite occupying the inequivalent A and B sublattice in the Bernal structure [86, 87] (see
Figure 17). Moreover, the lattice mismatch of hBN and graphite is small, about 1.7% [86-88],
and it has an experimental bandgap of 5.79 eV [86, 87, 89], which makes an excellent 2D
insulator for 2D electronics.
The intricate fabrication method by Dean et al. for the 2D heterostructure of graphenehBN is shown in Figure 18. The researchers mechanically exfoliated a 14 nm hBN on a 285-nm
SiSO2 substrate which has enough optical contrast for identifying hBN 2D flakes. The graphene
was transferred through a wet transfer process. The graphene was exfoliated on s stack of
polymers that consisted of a water-soluble layer like poly-vinyl alcohol and PMMA and then
floated in DI water to release the graphene and PMMA from the Si/SiO2 substrate.
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Figure 17. Crystal structure of hBN and graphene [86].

Figure 18. Intricate fabrication method for 2D heterostructure of graphene-hBN [90].
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The graphene/PMMA stack was picked up with a glass slide and transferred onto the hBN
graphene. The carrier mobility of graphene/hBN devices is as high as 140,000 cm2 /Vs. at a low
density which makes it the highest mobility reported for graphene supported on a substrate.
Graphene encapsulated in hBN has provided the highest mobility measured in graphene
supported on a substrate [90]. Carrier mobility as high as 500,000 cm2 /Vs. was achieved for
the graphene sandwiched between hBN devices and shows ballistic transport with a carrier mean
free path of 3 µm [90].
Hexagonal boron nitride has been the de facto substrate for 2D material based on its
similarity in structure to graphene and good dielectric properties. However, growing high quality
is difficult as it requires a high pressure of 4.5 GPa and a high temperature of 1500⁰C [91, 92].
This is grown by Taniguchi and Watanabe of the National Institute for Materials Science in
Japan [92]. Most of the hBN crystals in publications are from this group and require agreement
between participating institutions.
While this study did not start in search of a replacement for hBN as the go-to substrate for 2D
heterostructure, finding readily accessible 2D material as an alternative to hBN will benefit the
2D community. This led to the exploration of a new substrate for graphene devices to compare
their electrical properties and ultimately determine how these properties can affect the
performance parameter of a device made from them.
1.7 Crystal Structure of CdPS3
The choice of CdPS3 as a candidate for a graphene substrate was because it is a 2D layered
insulating material that can be exfoliated and locally available.
CdPS3 belongs to a family of emerging 2D van der Waals materials referred to as metal
phosphorus trichalcogenides (MPX3) (also referred to as metal thio(seleno)phosphate) that
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exhibits a range of electronics property that contains semiconductors, metals, and insulators [93,
94]. MPX3 crystal structure is made up of slabs of [P2S(Se)6]4- stabilized with metal cations
which can be group I or group II elements [95]. Figure 19 shows the slab of [P2S6]4- stabilized by
the Cd element.
The MPX3 structure can also be described as having a honeycomb structure of transition
metal (M) that has (P2X6)4- bipyramids at the center of each hexagon that makes up the
honeycomb structure (see Figure 20) [94, 96, 97]. The crystal structure of CdPS3 is monoclinic
[95] and has an experimental band gap of about 3.5 eV [98]. These bandgap values make CdPS3
fall in the wide bandgap semiconductor and insulator classification [95].

Figure 19. Slabs of [P2S6]4- stabilized by the Cd element [95].
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Figure 20. Understanding structure of CdPS3 [94].
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Chapter 2: Fabrication and Integration process of Graphene Devices
In this work, different variations of graphene devices were explored based on the
challenges and goals of this project. This chapter details the process used to fabricate devices in
this work. Challenges during the fabrication process and the steps taken to resolve them are
highlighted. Figure 21 summarizes the fabrication process from one variation of the devices
fabricated. A discussion of the major steps follows below.

Figure 21. Summary of the fabrication process.

2.1 Mechanical Exfoliation 2D Materials

Mechanical exfoliation (described above in section 1.61) was used for making all the 2D
materials (graphene, hBN, and CdPS3) used in this work. The standard/modified mechanical
exfoliation technique [99-101] was used to exfoliate graphene and hBN; this is described in more
detail in the section below. However, there was a modification to the surface of the SiO2 in the
mechanical exfoliation of CdPS3 flake due to the challenge encountered as a result of the sticky
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nature of CdPS3 to the underlying SiO2 substrate used in the majority of the standard mechanical
exfoliation technique.
2.1.1 Mechanical Exfoliation of Graphene and hBN
Figure 22 shows the modified exfoliation process used for the exfoliation of graphene
and hBN.

Set a hot
plate 120℃
for 2 minutes
Figure 22. Modified exfoliation process used for the exfoliation of
graphene and hBN [99].

The standard exfoliation method involves pressing an adhesive tape on the graphite and
hBN bulk crystals [99] to remove a few layers from the bulk crystals to the tape. To increase the
chances of getting monolayer and few-layer flakes, multiple exfoliations of the flakes on the
tapes are done by repeatedly sticking the tape on itself and unsticking it. This makes the flakes
thinner and improves the chances of getting more monolayer and few-layer flakes. The tape with
the graphene on hBN is then pressed on Si/SiO2 and peeled off, leaving a few of the bottom layer
of the flake on the Si/SiO2.
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Prior to exfoliation on the Si/SiO2 substrate, the substrate is first cleaned (sometimes
sonicated) in acetone, then subsequently cleaned in isopropyl alcohol (IPA). Next, the substrate
with the tape is placed on a hot plate for about 2 minutes to promote more flakes transferred from
the tape to the Si/SiO2 substrate. The heating of the Si/SiO2 to about 100℃-120℃ for 2-5
minutes is part of the two steps introduced in the modified exfoliation process [100, 101]. In the
modified mechanical exfoliation, two process steps were introduced to increase the graphene
flake sizes: First, the substrate on which the flakes were exfoliated was thoroughly cleaned by
sonication in acetone, IPA, and DI water, and by using oxygen plasma to remove ambient
adsorbates on the substrate. Second, the heat treatment described above was used to provide and
improve a uniform contact area between the crystal on the tape and the substrate surface [100].
Figure 23 shows optical microscope images of exfoliated graphene and hBN flakes on Si/SiO2.

Figure 23. Exfoliated graphene and hBN flakes on Si/SiO2.
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The color contrast of different thicknesses of the flakes is distinct, and it can help estimate
the flake thickness from the optical microscope image. The 300 nm SiO2 was used for this
exfoliation because it has good optical contrast for identifying graphene flake [102].

2.1.2 Modified Exfoliation for CdPS3 - Fabrication Challenge I

One of the first challenges encountered was the transfer of CdPS3 (the transfer process
will be explained later in this chapter). CdPS3 appears stickier than hBN to the underlying
Si/SiO2 substrate. Figure 24 shows that the CdPS3 could not be picked up when exfoliated
directly on Si/SiO2 substrate. The flakes get destroyed during the process.

Figure 24. Challenge of picking up CdPS3 on Si/SiO2.

To overcome this challenge during transfer, the mechanical exfoliation of CdPS3 was
done on a Si/SiO2 spin coated with water-soluble polymer poly-vinyl alcohol (PVA) employed
by Huang et al. [103]. This process is described in detail in the transfer process later in this
chapter. Figure 25 shows exfoliated CdPS3 exfoliated in a PVA-coated substrate.
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Figure 25. Exfoliated CdPS3 on a PVA-coated substrate.

2.2 Flake transfer Process and Stacking

To fabricate the devices used in the study, heterostructures of 2D materials were made, as
shown in the device schematics in Figure 26.

Figure 26. Schematic fabricated devices.
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The heterostructure is achieved through the flake transfer process. The flake transfer process and
flake transfer are done using a micromanipulator setup shown in Figure 27.

Figure 27. Flake transfer process and setup.

The transfer process used a polycarbonate film covering a PDMS on a glass slide as a
transfer stamp. This process has two main steps, the pick-up, and the transfer steps. The stamp is
first used to engage the target flake for the pick-up step by using the transfer setup in Figure 27.
When the stamp is in contact with the flake of interest, the P.C. film is heated to a temperature of
about 90⁰C for picking up graphene and about 100⁰C for hBN. After heating up to the desired
temperature, the stamp is allowed to cool down to room temperature before disengaging. After
disengaging the stamp, the flake will be on the stamp if the transfer is successful. For both
graphene-hBN and graphene-CdPS3 devices, graphene was first picked up using the method
described above. However, the second pick-up step differed depending on the dielectric (hBN or
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CdPS3) used for the device. For the hBN dielectric device, the stamped with the graphene flake is
aligned to the hBN flake of interest and brought in contact with it. Next, the stamp and the entire
stack were heated to about 100⁰C or a little more, depending on the thickness of the hBN. With
the stamps and flake in contact, the transfer setup is cooled to room temperature, and the stamp is
disengaged from the Si/SiO2 substrate. The aligned graphene-hBN stack should now be on the
stamp and ready to be transferred onto a highly doped Si/SiO2 substrate with pre-patterned bond
pads (patterning is discussed later in this chapter). Figure 28 shows the schematic and flow of the
flake transfer process.

Figure 28. Schematic and flow of the flake transfer process.
The transfer process for both types of devices is similar. After pick-up of both flakes,
they are transferred to the target location by bringing the stamp that has both flakes onto the
substrate. While the stamp and flakes are in contact with the substrate, the setup is heated to a
temperature of about 120⁰C - 130⁰C. Then, the stamp is slowly disengaged at this temperature to
separate the P.C. film from the PDMS stamp. After the separation, the setup is heated up to about
150⁰C - 160⁰C to melt the P.C. film, leaving the P.C. film over the stamp and the flake, as shown
in Figure 28. Finally, the P.C. film was removed by putting the heterostructure with the P.C. film
in chloroform for about 15 minutes, followed by an IPA rinse.
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2.2.1 PVA-assisted Exfoliation/Transfer for CdPS3 Devices-Solution of Fabrication Challenge I

As stated in section 2.1.2, PVA was used to assist the exfoliation and transfer of CdPS3
devices. Huang et al. [103] used PVA-assisted exfoliation and transfer for hBN-graphene
heterostructure (see Figure 29). The authors engineered the surface of Si/SiO2 by coating it with
a sub-5nm PVA film. The PVA solution used a concentration of 3% wt./vol and was spin-coated
at 8000 rpm for 30s to get the sub-5nm thickness [103] (see Figure 29c). During the transfer,
while the stamp is in contact with the flake exfoliated on the PVA, the substrate is heated to a
temperature of about 85℃ to enhance and promote uniform contact. After cooling to room
temperature, the flake is released by locally injecting deionized water to dissolve the PVA before
transferring it to the desired substrate.

Figure 29. PVA assisted exfoliation and transfer [103].
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Figure 30 shows the CdPS3 on PVA, and the completed graphene-CdPS3 heterostructures
achieved using the PVA-assisted transfer method.

Figure 30. Successful PVA-assisted CdPS3 transfers.
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2.3 Lithography

In the fabrication of graphene-hBN and graphene-CdPS3 devices, three stages of
lithography are done using the electron beam lithography (JEOL JBX-5500ZD EBL) system in
the Institute of Nanoscience and Engineering (see Figure 31).

Figure 31. JEOL JBX-5500ZD Electron beam lithography.
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The three lithography steps in the fabrication process are the pattering of bond pad for
electrical connectivity from the device to the measuring equipment; patterning of electrical
contact from the graphene device to the bond pad; patterning of etch mask to create a rectangular
hall bar of the graphene flakes. The three lithography steps are shown in Figure 32.

Figure 32. The three lithography steps in device fabrication process.

The lithography steps start with computer-aided design (CAD) using AutoCAD to design
the pattern. The steps involved in the lithography process are shown in Figure 33.

Figure 33. Electron beam lithography process flow.
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The cleaned Si/SiO2 substrate is first baked on a hot plate at 180℃ for 4 minutes. This
dehydration bake removes any water or solvent from the substrate surface. After the dehydration
bake, the resist polymethyl methacrylate (PMMA) was spun on the substrate at 5000 rpm for 4
minutes using the dynamic mode of the spinner. This is followed with a post bake, also known as
a soft bake, at 180℃ for 4 minutes to dry the resist by removing excess solvent after spinning the
resist. After the post-bake step, the required pattern is written on the chip (or substrate using the
electron beam lithography system in Figure 33. To develop the written pattern, the chip is put in
Methyl Isobutyl Ketone/Isopropyl Alcohol (MIBK/IPA) developer solution for 60 seconds, then
rinsed in IPA.
2.5 Metal Evaporation

Metallization is done using a thermal evaporator to make electrical contacts to the
graphene flake. Two metals were evaporated in this step. A 5 nm Chrome (Cr) was first
evaporated, followed by the evaporation of the desired thickness of gold (Au) ranging from 50 –
100 nm. After evaporation, the liftoff of the resist from the part not patterned was done by
putting the acetone. Figure 34 shows the developed pattern and the metal deposited for the bond
pads after liftoff.

Figure 34. EBL Pattern and metal deposition for the bond pads after.
liftoff.
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2.4 Etching

To allow for easy data analysis of the hall measurement for the graphene devices fabricated
in this work, the graphene flakes used were etched to a rectangular hall bar using an Oxygen plasma
etching system. The steps for etching the graphene flakes are shown in Figure 35.

Figure 35. Process flow of etching graphene.

The steps for the etching are precisely the same for the lithography process up to the
development stage. The etching is done using oxygen plasma to expose the area to etch after
development. To prevent the etching away of the graphene from the active region, a triple layer
of resist as indicated by the rectangle highlighted in green. This ensures that exposing the
developed chip to oxygen plasma for 90 seconds does not etch away the graphene in the region
of interest. To determine the time needed to etch away the tri-layer of resist employed in the
etching process, a device was sacrificed by etching for a long time. By checking the device at
different times during the etch, it was found that the tri-layer of resist was completely etched
away at about 390 seconds of oxygen plasma etch (see Figure 36 below).
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Figure 36. Etching time for tri-layer resist.

2.6 Device Fabrication Challenges and Device Evolution

After etching the graphene into rectangular hall bars described in Section 2.5, the devices
are wire bonded and ready for measurements using the optical cryostat. However, different
challenges arose during device measurement and fabrication that affect how the devices
fabricated in this work evolve. One of such challenges during the transfer has been discussed
earlier in Section 2.2.1. Other challenges encountered are highlighted in the section below.

2.6.1 Devices Blowing up During Measurements – Challenge II

During measurements of fabricated devices (measurement technique described in detail
in chapter 3), the devices get blown up on applying back-gate voltages of less than 10 V to the
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highly doped silicon substrate. This back-gate voltage is unusually larger for graphene devices
reported in literature [86]. Back-gate voltages for some graphene devices have a range of -50V –
50V. Figure 37 shows the two devices before and after measurements. Several devices were
blown up in a similar fashion. To prevent this from happening in other fabricated devices, a
transition was made from using the silicon as the back gate to using a local gold back gate.
Figure 38a shows an hBN device with a gold back gate. Using a metal back gate worked well
with graphene-hBN devices; however, the metal back gate did not work well for grapheneCdPS3. For graphene-CdPS3 devices, the CdPS3 flake cracks on transfer to the gold back gate
contact (see Figure 38b).

Figure 37. Blown-up devices before and after measurements.

44

Figure 38. (a) hBN device with a gold back gate. (b)
Graphene-CdPS3 devices showing CdPS3 flake cracks.

The crack observed after the transfer of CdPS3 onto the gold back gate was due to the
step edge from a 70 nm thick gold back gate. Figure 39 represents the schematic of how the step
edge led to the crack of CdPS3 after transfer to the gold metal back gate. To overcome this
challenge, the metal back gate was recessed to flush with the surface of Si/SiO2 (See Figure
39b). To achieve this, the developed back gate patterns were first characterized using atomic
force spectroscopy (AFM) to determine the thickness of the PMMA resist after development.
After the AFM characterization, the exposed SiO2 was etched in buffered oxide etch solution for
60 seconds. Finally, a post-BOE-etch AFM was conducted to determine the amount of SiO2.
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Figure 40 shows the patterned back gate before and after etching, and the AFM images before
and after BOE etch.

Figure 39. (a) Schematic of gold step edge (b) Schematic of proposed solution to step
edge.

Figure 40. Recessed back-gate contact before and after BOE etch.
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The profiles of the lines shown in the AFM images above for before and after etching are
in Figure 41 below. From this profile, the required metal to fill up the recessed surface of SiO2
can be calculated by finding the difference between the depth of the profiles before and after
BOE etch. The required gold metal to be evaporated to fill the recessed SiO2 is about 80 nm for
this device.

Figure 41. Profile of the back-gate contact before and after BOE etch
The recessed contact approach resolved this challenge of cracked CdPS3 when transferred
on a gold back gate. Figure 42 shows successful CdPS3 using the recessed back gate approach.

Figure 42. Successful CdPS3 transfer on recessed back-gate contact
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2.6.2 CdPS3 Reactivity with Gold – Challenge III

For graphene-hBN devices, it has been reported that annealing the device at different
stages of device fabrication improves the device quality by removing organic and resist residues
used during the device fabrication [86]. However, annealing CdPS3 transferred onto a gold metal
that serves as a back gate in forming gas (a gas mixture of Nitrogen/Argon and Hydrogen)
should show some discoloration which indicates some form of reaction between CdPS3 and gold.
Figure 43 shows three graphene-CdPS3 after annealing at 300℃ for 3 hours in forming gas.

Figure 43. Reaction gold with CdPS3 flake.
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The discoloration observed in CdPS3 after annealing in forming gas may be due to the
formation of Gold Sulfide from the reaction between gold and the sulfur atoms in the CdPS3
flake. To prevent the reaction in CdPS3 devices during annealing, the annealing process was
optimized by exploring different temperatures and times of annealing. By using one of the
cracked CdPS3 device, the annealing temperature and annealing times were varied. Figure 44
shows that annealing CdPS3 devices for two hours at 200℃ do not lead to discoloration of the
CdPS3 when examined using an optical microscope.

Before Annealing

100⁰C for 2 hours

200⁰C for 2 hours

Figure 44. Different annealing temperature for CdPS3 flake on gold contact.
Though, there was no discoloration after annealing for two hours at 200℃, it should be
noted that there may still be some reaction between the gold and CdPS3. To prevent this reaction,
high-quality Si/SiO2 substrates (dry thermal SiO2 substrates) were used to fabricate CdPS3
devices to prevent the challenges of device blowing up during measurement and discoloration of
CdPS3 by the reaction with gold during annealing. High-quality Si/SiO2 substrates allow the
highly doped Si to be used as the back gate. Some hBN devices were fabricated using a gold
back gate configuration. Figure 45 shows a finished graphene-CdPS3 and graphene-hBN devices,
which measurement data are presented in the next chapter.
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Figure 45. Fabricated graphene-CdPS3 and graphene-hBN device.
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Chapter 3: Characterization and Transport Measurement of Graphene Devices
This chapter focus on the results of this work. It highlights the material characterization
techniques and results and the device characterization techniques and results.

3.1 Surface Roughness Comparison of CdPS3 and hBN

One of the characteristics of hBN that made it perform better than SiO2 as a dielectric
substrate is the smoothness of its surface [86]. To compare the surface roughness of hBN and
CdPS3, thick enough flakes of hBN and CdPS3 flakes were characterized using atomic force
microscopy (AFM). Figure 46 shows the optical images and AFM images of the hBN and CdPS3
flakes used for the roughness analysis. The red dashed squares show the areas where the AFM
images and data were collected. The white dashed rectangle in the AFM images show areas of 3
x 3 µm2 where the roughness parameter was extracted for both flakes. The thicknesses of the
hBN and CdPS3 flakes used were approximately 35 nm and 50 nm, as shown in the profile of
Figure 47 taken along the white in Figure 46. These thicknesses with several layers of hBN and
CdPS3 were chosen to ensure that the roughness of the flakes is not affected by the underlying
silicon oxide roughness [86] .From the roughness analysis of the hBN and CdPS3, the root-meansquare roughness Rq and the average roughness Ra parameter taken from the white dashed
rectangle of Figure 46 are shown in Table 3. Then Rq and Ra values for CdPS3 are 0.145 nm and
0.113 nm, respectively, which are both lower than the Rq and Ra values for hBN, which are 0.343
nm and 0.248 nm, respectively. They show that the CdPS3 surface is much smoother than hBN,
making it a promising substrate for graphene devices and other 2D materials.
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hBN
CdPS3

hBN
CdPS3

Figure 46. Optical images and AFM images of hBN and CdPS3.
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hBN

CdPS3

Figure 47. The profile of hBN and CdPS3 flakes.
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Table 3. Roughness parameter of hBN and CdPS3
CdPS3
hBN

Rq (nm)
0.145
0.343

Ra (nm)
0.113
0.248

The devices are also characterized by using AFM. Figure 48 shows a graphene device's optical
microscope and AFM images on CdPS3 and hBN.

Figure 48. Optical and AFM images of fabricated devices.
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3.2 Electrical Characterization of Graphene Devices

Transport measurements were done for the devices fabricated in this research using an
optical cryostat. In addition, the Hall measurement was done to extract the intrinsic properties of
devices fabricated. The hall effect and measurement will be described in detail in the section
below.

3.2.1 The Hall Effect

Edwin Hall discovered the Hall effect in 1879 [104-106]. He ran current through a thin
sheet of gold and measured voltages along the direction of the current and across the direction of
the current. The voltage, V, along the current path divided by the current is the resistance R of
the material and is referred to as the longitudinal resistance, also called the magneto resistance.
The voltage across the current path, also known as the transverse voltage, was zero initially until
a perpendicular magnetic field was applied to the gold sheet [104, 105] (See figure 49).

Figure 49. Schematic of Hall effect measurement [105].
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The magnetic field applied in the direction perpendicular to the direction of the current
resulted in a transverse voltage that is non-zero. The transverse voltage, VH, also known as the
Hall voltage, when divided by the current, is referred to as the Hall resistance RH [105].
The Hall effect, which was the observation of the Hall voltage when the current-carrying
gold conduction was in the magnetic field, arises from classical electrodynamics [105]. When
electrons move in a magnetic field, the electrons experience a Lorentz force which has a
direction that pushes the electrons toward a side of the hall geometry, as shown in Figure 50
above. The Lorentz force accumulates more electrons on one side of the hall geometry than the
other, leading to the hall voltage VH and consequently RH measured across the conductor.
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- - - - - - - - - - - - - - - - Figure 50. Hall effect showing the origin of Hall field [106].
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Hall also found the resistance across the device is linearly dependent on the magnetic field (See
Figure 51).

Figure 51. Magnetic field dependence of the
Hall resistance [105].

In a two-dimensional electron system (2DES) like graphene, where electrons are confined
to a 2D surface, there is a quantization in RH as a function of B (see Figure 52) [105, 107-109].

Figure 52. Quantum Hall effect in 2DES [105].
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The quantization of the Rh stems from the discrete energies that the electron in 2DES in
the high magnetic field can have. These discrete energies correspond to discrete orbits that
electrons can travel in when in a magnetic field. The allowed energies are called the Landau
levels and are equally spaced. Electrons can only occupy these energies and cannot be in energy
gaps in between. The existence of these energy gaps is the crucial difference between the motion
of electrons in a magnetic field for 2DES and three-dimensional materials. The availability of a
third dimension along the direction of the magnetic field can add any amount of energy to fill up
the gaps between the Landau levels. Hence, the RH is linear and not quantized.

3.2.2 Measurements Procedure for Graphene Devices

The devices fabricated in this work were characterized by the hall measurement described
above. An alternating current bias that ranges from 10 nA – 5 µA was passed through the
devices, and the longitudinal voltage drop, 𝑉𝑥𝑥 along with the device and the transverse voltage
drop, 𝑉𝑥𝑦 across the device (Figure 53). The current used to bias the device is such that it is high
enough to overcome the instrument noise floor. A voltage-controlled source was used to control
the current and was passed into a lock-in amplifier. The lock-in amplifiers were used to measure
the 𝑉𝑥𝑥 and 𝑉𝑥𝑦 at 17 Hz. For a fixed current going through the device, a back-gate voltage sweep
from -40 V to 40 V was done, and for each back-gate voltage sweep, the magnetic field was
stepped from -7.5 T to 7.5 T. All measurements were taken at liquid helium temperatures
between 4K-6K.
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Figure 53. Hall measurement setup.

The following equations were used from the data to extract the carrier density and
mobility of the devices. The magnetoresistance 𝑅𝑥𝑥 The Hall resistance 𝑅𝑥𝑦 (𝑅𝐻 ), and the
resistivity 𝜌𝑥𝑥 were evaluated as shown:
𝑉𝑥𝑥

𝑅𝑥𝑥 = (
𝑅𝑥𝑦 = (

𝐼

𝑉𝑥𝑦
𝐼

)

(11)

)

(12)

𝑤

𝜌𝑥𝑥 = ( 𝑙 ) 𝑅𝑥𝑥

(13)

𝑤 and 𝑙 are the width and length of the devices, as shown in Figure 53.
From the magnetic field dependence of the Hall resistance 𝑅𝑥𝑦 (𝑅𝐻 ), the carries density of the
device is given by:

𝑛 = [𝑒
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𝑑𝑅𝑥𝑦 −1
𝑑𝐵

]

(14)

In Equation 13, 𝑒 is the electron charge.
The carrier mobility of the device is given by:
𝑙

µ = (𝑤) (𝑒𝑛𝑅𝑥𝑥 )−1

(15)

3.3 Electronics Transport Measurement of Graphene on hBN

Figure 54 shows the graphene flake and graphene-hBN device that the electronic
measurement is presented in this section. This device has gold as the back gate electrode with an
hBN thickness of about 30 nm.

Figure 54. Graphene flakes and graphene-hBN device.

Figure 55 shows a plot of the device resistivity as a function of the gate voltage and the magnetic
field.
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Figure 55. Gate-voltage and magnetic field dependence of resistivity for
graphene-hBN device.

The Hall resistance as a function of the back-gate voltage and the magnetic field is shown in
Figure 56

Figure 56. Gate-voltage and magnetic field dependence of Hall resistance for
graphene-hBN device.
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From the resistivity data in Figure 56, a plot of gate voltage dependence of the resistivity
at 0T (No magnetic field applied) shows the characteristic Dirac peak for graphene (see Figure
57). The Dirac peak is at about 5V gate voltage, which shows that the device is hole-doped due
to resist and solvent residues during the fabrication process [110, 111].
By plotting the Hall trace for a few back-gate voltage values, the ambipolar nature of
graphene devices can be seen as slope changes from positive to negative (see Figure 58). By
varying the back gate voltage, the Fermi level (is the level above which there are no electrons) is
moved up or down the conical band structure of graphene.

Figure 57. Gate voltage dependence of resistivity of graphene-hBN
device.
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Figure 58. Magnetic field dependence of Hall resistance of graphenehBN device.
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The carrier density and the carrier mobility were calculated for the gate voltages in the Hall
trace. The carrier mobility as a function of carrier density is shown in Figure 59.

Figure 59. Carrier density vs carrier mobility of graphene-hBN device.
The carrier density of the hBN device was of the order of 1012 𝑐𝑚2 and the electron
mobility the highest mobility of the hBN device was about 420 cm-2V-1s-1. This mobility is lower
than that reported for hBN devices [86]. These very low carrier mobilities might result from
scattering centers on the device because of residues from the fabrication process. Though the
carrier mobilities of the hBN devices were low, they might be insignificant in this work as the
intended goal is to find some correlation between the intrinsic properties of the device and
application parameters. With no magnetic field and no gate voltage applied, the carrier density
was 2.52 × 1012 𝑐𝑚2 and the corresponding mobility was 286.43 𝑐𝑚−2 𝑉 −1 𝑠 −1 .
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3.4 Transport Measurement of Graphene on CdPS3

Figure 60 shows the graphene flake and graphene-CdPS3 device that the electronic
measurement is presented in this section. This device uses the highly doped silicon as the back
gate electrode with a CdPS3 thickness of about 35 nm.

Figure 60. Graphene flake and graphene-CdPS3 device.

Figures 61 and 62, respectively, show the magnetic field and gate voltage dependence of the device
resistivity and the Hall resistance.

Figure 61. Gate-voltage and magnetic field dependence of
resistivity of graphene-CdPS3
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Figure 62. Gate-voltage and magnetic field dependence of Hall
resistance of graphene-CdPS3.

Figure 63. Magnetic field dependence of resistivity of grapheneCdPS3.
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Figure 63 above shows the Dirac peak in the graphene-CdPS3 device from the gate
voltage dependence of the device resistivity. The Dirac peak of the CdPS3 device is not as welldefined as in the graphene-hBN device. How sharp the Dirac peak of a graphene device is a
function of how clean the device is. The not-so-well-defined Dirac peak in the graphene CdPS3 is
a result of the unclean nature of the device, which may be from residues and impurities during
the fabrication process.
Figure 64 shows the magnetic field dependence of the Hall resistance for three voltages.
An observation for graphene-CdPS3 is that the ambipolar nature of graphene (signified by the
change of slope as the gate voltage changes sign) shows in a smaller range of the magnetic field.
The slope change appears in the magnetic field range -2T to 2T; outside of this range, the slope is
positive.

Figure 64. Magnetic field dependence of Hall resistance of
graphene-CdPS3.
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This observation is different from what was obtainable in the graphene-hBN. Therefore, the
hypothesis was that the CdPS3 might provide a current path drowning the expected ambipolar
effect in graphene. To check this hypothesis, CdPS3-only devices were fabricated to measure the
resistance of the CdPS3. Figure 65 shows the optical microscope and AFM images of the CdPS3only device.

Figure 65. Optical AFM images of CdPS3 only device.
An I-V measurement of the device for temperatures between 4 K – 300 K was done on
the devices (see Figure 66). The resistance of the CdPS3-only device was in the order 1012 (Ω).
This resistance is very high for significant current to flow through, and this result did not support
the hypothesis that CdPS3 provided a current path in the graphene-CdPS3 device.
The second hypothesis was that a highly conductive interface was generated by the
presence of graphene on a CdPS3. There is a need for further investigation of the conductive
interface hypothesis, which may be out of the scope of this study.
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Figure 66. I-V Characteristics of CdPS3 only device.

To obtain a cleaner and high-quality device, the graphene-CdPS3 was cleaned using the
process described in Jia et al.'s work [112]. Jia et al. used dichloromethane (DCM) at different
stages in the device fabrication process (see Appendix H). The same graphene-CdPS3 device
measured above was cleaned using the DCM cleaning process. Figures 67 and 68 show the gate
voltage and magnetic field dependence of the magnetoresistance and Hall resistance, respectively.
After cleaning the sample using the DCM process, the device shows a well-defined peak in the
gate voltage dependence of the magnetoresistance (see Figure 69) compared to before the DCM
cleaning. Also, the Dirac peak shifted from the positive gate voltage to a negative gate voltage,
indicating that the graphene is now electron-doped.
As the magnetic field increases, there are oscillations in the magnetoresistance (Rxx). This
is seen in the gate voltage dependence of Rxx at 5T (see Figure 70). The oscillations are related to
Shubnikov–de Hass (SdH) effect, which is a quantum effect due to the formation of Landau level
when a 2DES is in a magnetic field [70, 113].
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Figure 67. Gate voltage and magnetic field dependence of
longitudinal resistance of graphene-CdPS3 after DCM cleaning.

Figure 68. Gate voltage and magnetic field dependence of Hall
resistance of graphene-CdPS3 after DCM cleaning.
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Figure 69. Gate-voltage dependence of longitudinal resistance at B = 0T.
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Figure 70. Gate-voltage dependence of longitudinal resistance at B = 5T.
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The Shubnikov-de Hass oscillations are the most well-known that are caused by the quantization
of the energy levels of electrons in 2D electron systems in the presence of magnetic fields.
Observing these oscillations in the graphene-CdPS3 device confirms the quality of the 2DES of
graphene on this novel substrate.
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Chapter 4: Characterization of Functionalized CVD Graphene
Despite the exciting properties of graphene that have propelled research over the years
[3], the inertness and hydrophobicity of graphene have made it challenging to integrate it into
devices in different application areas such as optoelectronics, sensing, and energy [114, 115].
Before nanoparticles can be deposited on graphene for sensing application, the graphene surface
needs to be functionalized to overcome the inertness of graphene. This chapter presents the
characterization of graphene surfaces treated with varying concentrations of surfactants for
different treatment times.

4.1 Non-Covalent vs. Covalent Functionalization of Graphene

The chemical functionalization of graphene can either be covalent or non-covalent. In
covalent functionalization, covalent bonds are formed between functional groups and the carboncarbon double bond in pristine graphene [116]. This functionalization approach involves
breaking the bonds between the carbons on the graphene before covalently bonding with the
functional group.
Non-covalent functionalization uses different π-interactions between the various organic
compounds and graphene. The non-covalent approach is an attractive functionalization method
because it offers a way of attaching functional groups to graphene without affecting graphene’s
electron network. For the reason above of preserving the electronic network of graphene, noncovalent functionalization was explored for preparing graphene for nanoparticle decoration.
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4.2 Non-covalent Functionalization of CVD Graphene using Sodium Dodecyl Sulfate

Surfactants such as sodium dodecyl sulfate (SDS) and sodium cholate (SC) have been
used to functionalize graphene non-covalently to enable further processing toward device
integrations non-covalently [116-118]. One biomedical application of surfactant-treated carbon
is sensing dopamine, a vital monoamine transmitter in mammals’ central nervous system [119].
In this work, commercially available CVD graphene on Si/SiO2 (Graphenea Inc. Cambridge USA)
was treated with SDS to understand how the morphology of surfactants on graphene affects the
nanoparticle deposition on graphene and how it affects the electronic properties of the graphene
devices.
The study started by treating CVD graphene samples for two hours with an initial SDS
concentration of 1 wt./vol%, similar to the methods employed for carbon nanotubes [120].
After treating the graphene with SDS at the above concentration and time duration, the graphene
peeled off the substrate (see Figure 71).

Before

After

Figure 71. Graphene before and after SDS treatment.
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Different SDS concentrations and treatment times were investigated to understand the
cause of the graphene peeling from the Si/SiO2 substrate. SDS concentration was varied from 1.0
wt/vol% to 0.06 wt/vol%. Figure 72 shows the effect of the different concentrations for the same
treatment time of two minutes.

1 wt./vol%

0.25 wt./vol%

0.06 wt./vol%

Before

After

Figure 72. SDS treatment of CVD graphene at different concentration.
The higher the surfactant's concentration, the more the graphene gets peeled from the
substrates. However, the graphene did not detach only for the lowest SDS concentration of 0.06
wt/vol%. The effect of treatment times was also investigated by treating the graphene samples
with the same concentration for different times (see Figure 73). The longer the sample is treated
in SDS, the more the graphene sample is peeled from the substrate.

30 minutes

10 minutes

5 minutes

2 minutes

Before

After

Figure 73. SDS treatment of CVD graphene
for different treatment times.
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It is essential to achieve a broader range of SDS concentrations and treatment time to
understand how they might affect the electrical properties of graphene devices. Therefore, SDS
was first dissolved in 5 ml of water to accomplish higher SDS concentrations, and the desired
concentration was achieved by using isopropyl alcohol (IPA). The solvent, IPA, was used
because of two reasons; first, it is used in the cleaning process of graphene and other 2D
materials and does not peel the graphene from the substrate; second, it is soluble in water
because it is a polar solvent and has few carbon atoms [121].
The SDS/water/IPA treatment of the graphene sample prevented the peeling of graphene
from the substrates while achieving higher treatment concentrations and times. Figure 74 shows
the pre-treatment and post-treatment optical images for 0.125 wt./vol% SDS/water/IPA
concentration for 2-minute and 4-treatment times. The graphene did not peel from the substrate.
Figure 75 shows treatment with a higher concentration of SDS of 0.25 wt./vol% of SDS/water/IPA.
At this higher concentration, the graphene remains on the substrate for a treatment time of 4
minutes.

76

4 minutes

2 minutes

Before

After

Figure 75. SDS/water/IPA treatment- 0.125 wt./vol%.

4 minutes

2 minutes

Before

After

Figure 74. SDS/water/IPA treatment- 0.25 wt./vol%.
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4.3 AFM Characterization of SDS-treated CVD graphene

Atomic force microscopy was used to characterize the successfully SDS-treated graphene
samples. AFM images of 3 µm x 3 µm areas were taken from the samples before and after SDS
treatments. Figure 76 and Figure 77 show the AFM images for SDS treatments with the
concentration of 0.125 wt./vol% and 0.25wt./vol%, respectively. The root-mean-square (RMS)
roughness was taken for a 500 nm x 500 nm area (shown in white dashed squares in Figure 76
and Figure 77). The RMS roughness values were taken from the same spot before and after SDS
treatments as follows:

4 minutes

2 minutes

Rq = 0.419 nm

Rq = 0.562 nm
Before

After

Rq = 0.394 nm
Rq = 0.482 nm

Figure 76. AFM images of SDS/water/IPA treatment 0.125
wt./vol%.
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2 minutes

4 minutes

Before

Rq = 0.62 nm

After

Rq = 0.637 nm

Rq = 0.483
nm

Rq = 0.416 nm

Figure 77. AFM images of SDS/water/IPA treatment 0.25
wt./vol%.
The effect of the treatment was evaluated by the difference in RMS roughness (ΔRq) before and
after SDS treatment. The RMS roughness data is summarized the Table 4 below.

Table 4. Roughness parameters for SDS-treated CVD graphene
Treatment
Concentration
Treatment time

0.125 wt./vol
2 minutes

0.25 wt./vol

4 minutes

2 minutes

4 minutes

Before

0.562 nm

0.419 nm

0.637 nm

0.62 nm

After

0.482 nm

0.394 nm

0.416 nm

0.483

ΔRq

0.08 nm

0.025 nm

0.221 nm

0.137
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The data in Table 4 is shown in Figure 78 below.

0.25 wt./vol%

ΔRq (nm)
0.125 wt./vol%

2

Time (minutes)

4

Figure 78. Roughness change for different SDS treatment
concentration and time.
The figure above shows that the ΔRq decreases as the treatment time increases and the
treatment concentration reduces. As the SDS treatment time increases, more surfactants might be
on the graphene sample, creating a smoother surface for a higher treatment time when compared
to a lower treatment time. Also, a higher concentration of SDS can lead to more of the surfactant
molecule on the graphene surface may lead to a larger ΔRq for higher SDS concentrations when
compared to lower SDS concentrations.

4.4 X-ray Photoelectron Spectroscopy (XPS) Characterization of SDS-treated CVD graphene

To confirm the presence of the surfactant molecules on the graphene sample, and X-ray
photoelectron spectroscopy of the samples was done. The XPS confirmed the presence of the
elements that make up the surfactant, sodium and sulfur, for SDS. There was no peak of the
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elements in the no-treatment sample, while the energy peaks for sodium and sulfur can be seen in
the samples treated with SDS.

Figure 79. XPS of SDS-treated CVD graphene.
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Chapter 5: Conclusion
In this work, graphene devices were fabricated on conventional hBN and novel CdPS3 for
the purpose of correlating hydrogen sensing parameters to graphene device intrinsic properties.
This work has laid out an optimized fabrication process for these graphene devices. The physics
of the graphene on the novel CdPS3 needs to be further explored because the graphene-CdPS3
appears to generate a highly conducting interface. Such high conductivity in graphene is an
important and prized property for the application of graphene for transparent conducting films
required by the solar industry. The observation of Shubnikov-de Haas (SdH)
oscillations confirms the realization of high-quality graphene devices on CdPS3.
The second part of this research successfully treated CVD graphene with SDS. This will
allow further processing of the graphene devices, such as atomic layer deposition, which can be
used for depositing nanoparticles such as platinum and palladium. Changing the SDS
concentrations and time can also be used to control the nanoparticle deposited on the devices,
which can consequently affect the electrical properties of the device.
This work has laid the foundation that can be built upon to achieve the goal of correlating
hydrogen sensing parameters with device intrinsic properties.

Figure 80. Future direction of research.
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Appendix A: Description of Research for Popular Publication
Hydrogen: Can it be the new oil?
By Abayomi Omolewu
The effect of Covid-19 and the war in Europe has put a stain on the global supply chain
and the put in the forefront the question of energy security. In addition, the effects of climate
change as felt by heat wave and floodings across the world have made the need for an alternative
source of energy mor dire.
Hydrogen is a source of energy that is been explore as a source of cleaner and
environmentally friendly source of energy because it is readily available and leaves water as the
waste when it burns in air. However, hydrogen is explosive with at very low concentrations in air
which bring up safety concerns. There is therefore a need for reliable and low-cost sensor for
detecting hydrogen.
Researchers at the University of Arkansas, led by Dr. Uche Wejinya, are exploring using
graphene for hydrogen sensor. The researchers are exploring graphene on a novel substrate to
correlate how graphene on different substrates affect the sensing performance of hydrogen
sensors. The researchers believes the insight from this study can turn hydrogen to the new oil.
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Appendix B: Executive Summary of Newly Created Intellectual Property

No intellectual property was created in this study.
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Appendix C: Potential Patent and Commercialization Aspects of Listed Intellectual Property
Items
This is not application because 3there were no intellectual property created in this research

95

Appendix D: Broader Impact of Research

D.1 Applicability of Research Methods to Other Problems

The methods used in this research for creating graphene devices no new substrate can be
used in different application areas. One of such areas is the application of graphene high
frequency applications. By employing graphene on different substrate, high frequency device can
be tunned for different frequencies, thus allowing graphene devices to be used for different RF
and high frequency applications.

D.2 Impact of Research Results on U.S. and Global Society

By using the devices studied in this research for hydrogen sensors, there is a potential of
tapping into the unlimited potential hydrogen has as a source of energy. This will have
significant impact on the global society by reducing the dependence on oil as a source of energy.
Also in times of way as it is been experienced in the war between Russia and Ukraine, the world
would not be plunged into chaos due to the rising prices of oil.

D.3 Impact of Research Results on the Environment

Building a hydrogen economy which can be made possible by efficient sensors that can
potentially made from devices in the study will reduce the use of oil which will consequently
reduce the greenhouse gases from burning of gas. This will lead to a cleaner environment and
hep reduce global warming.
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Appendix E: Microsoft Project for PhD Materials Science and Engineering Degree Plan
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Appendix F: Identification of All Software Used in Research and Dissertation Generation
Computer #1:
Model Number: Dell Latitude 5289
Serial Number: 8RGP0N2
Location: Laptop
Owner:
Software #1:
Name: Microsoft office 365
Purchased by: University of Arkansas Site License
Software #2:
Name: Igor Pro 8
Purchased by: Dr. Hugh Churchill
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The endodontic files’ surface- and subsurface-microstructures and predictable performance
Licheng Hua, Abayomi Omolewu, Nicholas Broadbent, Charles Z Deng, Janine L Conde,
Mourad Benamara, and Z. Ryan Tian (Manuscript completed)
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Appendix H: Code for Graphene Band Structure
clear all;
clc;
a0=2.46;
b0 = 4*pi/(sqrt(3)*a0);
a1=a0*[sqrt(3)/2, -1/2];
a2=a0*[sqrt(3)/2, 1/2];
b1 = b0*[1/2,-sqrt(3)/2];
b2 = b0*[1/2,sqrt(3)/2];
ii=sqrt(-1);
Gamma=[0,0];
M = (1/2)*(b1+b2);
K = (1/3)*b1+(2/3)*b2;
for i=1:3*100
k(i,:)=Gamma*((i-1)/300)+K*(1-(i-1)/300);
end
for i=1:3*87
k(i+300,:)=M*((i-1)/(3*87))+Gamma*(1-(i-1)/(3*87));
end
for i=1:3*50
k(i+3*87+300,:)=K*((i-1)/(3*50))+M*(1-(i-1)/(3*50));
end
% Projection cosines
l_1 = 1; m_1 = 0; n_1 = 0;
l_2 = -1/2; m_2 = sqrt(3)/2; n_2 = 0;
l_3 = -1/2; m_3 = -sqrt(3)/2; n_3 = 0;
%Parameters from Saito & Dresselhaus
H_ss = -6.769; H_sp = -5.580; H_sigma = 5.037; H_pi = -3.033;
S_ss = 0.212; S_sp = 0.102; S_sigma = -0.146; S_pi = 0.129;
E_2s = -8.868; E_2p = 0;
% Find the matrix elements
for i=1:711
HAA= [E_2s, 0, 0, 0;
0, E_2p, 0, 0;
0, 0, E_2p, 0;
0, 0, 0, E_2p];
HBB=HAA;
HAB = zeros(4);
HAB(1,1) = H_ss + H_ss*exp(ii*dot(k(i,:),-a1)) + H_ss*exp(ii*dot(k(i,:),-a2)); %SS
HAB(1,2) = H_sp*l_1 + H_sp*l_2*exp(ii*dot(k(i,:),-a1)) + H_sp*l_3*exp(ii*dot(k(i,:),-a2));
%SPx
HAB(1,3) = 0 + H_sp*m_2*exp(ii*dot(k(i,:),-a1)) + H_sp*(m_3)*exp(ii*dot(k(i,:),-a2)); %SPy
HAB(2,1) = -HAB(1,2); % PxS = - SPx
HAB(2,2) = (l_1^2)*H_sigma +(1-l_1^2)*H_pi + ((l_2^2)*H_sigma +(1-(l_2)^2)*H_pi)*...
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exp(ii*dot(k(i,:),-a1)) + ((l_3^2)*H_sigma +(1-(l_3)^2)*H_pi)*exp(dot(k(i,:),-a2)); % PxPx
HAB(2,3) = 0 + ((l_2*m_2)*H_sigma-(l_2*m_2)*H_pi)*exp(ii*dot(k(i,:),-a1))+...
((l_3*m_3)*H_sigma-(l_3*m_3)*H_pi)*exp(ii*dot(k(i,:),-a2));%PxPy
HAB(3,1) = -HAB(1,3); %PyS =-SPy
HAB(3,2) = HAB(2,3); %PyPx = PxPy
HAB(3,3) = H_pi + (m_2^2*H_sigma+(1-m_2^2)*H_pi)*exp(ii*dot(k(i,:),-a1)) +
(m_3^2*H_sigma+(1-m_3^2)*H_pi)*exp(ii*dot(k(i,:),-a2)); %PyPy
HAB(4,4) = H_pi + H_pi*exp(ii*dot(k(i,:),-a1)) + H_pi*exp(ii*dot(k(i,:),-a2));%PzPZ
SAA = eye(4);
SBB = SAA;
SAB(1,1) = S_ss + S_ss*exp(ii*dot(k(i,:),-a1)) + S_ss*exp(ii*dot(k(i,:),-a2)); %SS
SAB(1,2) = S_sp*l_1 + S_sp*l_2*exp(ii*dot(k(i,:),-a1)) + S_sp*l_3*exp(ii*dot(k(i,:),-a2));
%SPx
SAB(1,3) = 0 + S_sp*m_2*exp(ii*dot(k(i,:),-a1)) + S_sp*(m_3)*exp(ii*dot(k(i,:),-a2)); %SPy
SAB(2,1) = -SAB(1,2); % PxS = - SPx
SAB(2,2) = (l_1^2)*S_sigma +(1-l_1^2)*S_pi + ((l_2^2)*S_sigma +(1-(l_2)^2)*S_pi)*...
exp(ii*dot(k(i,:),-a1)) + ((l_3^2)*S_sigma +(1-(l_3)^2)*S_pi)*exp(dot(k(i,:),-a2)); % PxPx
SAB(2,3) = 0 + ((l_2*m_2)*S_sigma-(l_2*m_2)*S_pi)*exp(ii*dot(k(i,:),-a1))+...
((l_3*m_3)*S_sigma-(l_3*m_3)*S_pi)*exp(ii*dot(k(i,:),-a2));%PxPy
SAB(3,1) = -SAB(1,3); %PyS =-SPy
SAB(3,2) = SAB(2,3); %PyPx = PxPy
SAB(3,3) = S_pi + (m_2^2*S_sigma+(1-m_2^2)*S_pi)*exp(ii*dot(k(i,:),-a1)) +
(m_3^2*S_sigma+(1-m_3^2)*S_pi)*exp(ii*dot(k(i,:),-a2)); %PyPy
SAB(4,4) = S_pi + S_pi*exp(ii*dot(k(i,:),-a1)) + S_pi*exp(ii*dot(k(i,:),-a2));%PzPZ
Hall = [HAA, HAB;
HAB', HBB ];
Sall = [SAA,SAB;
SAB',SBB];
lambda(i,:)=eig(Hall,Sall);
end
plot(lambda(:,1:8),'.k')
set(gca,'XTick',[])
hold on
line([300 300], [-20 35])
line([300+3*87 300+3*87], [-20 35])
axis([1 711 -20 35])
Gamma_Points = '\Gamma';
M_Points = 'M';
K_Points = 'K';
text(0,-25,K_Points)
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text(300,-25,Gamma_Points)
text(300+87*3,-25,M_Points)
text(711,-25,K_Points)
title('Graphene Band Structure')
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Appendix I: Device Cleaning Process using Dichloromethane (DCM)
Lift off for markers
1. Immerse chip in an acetone bath for 1 hour
2. Sonicate in another acetone bath for 5 mins
3. Transfer chip into dichloromethane (DCM) bath (soak for 1 hour)
4. Acetone bath (soak for 3 hours)
5. Rinse with acetone and IPA, then dry with N2 gas
Remove polycarbonate (PC)
1. Immerse chip in chloroform (1 hour)
2. Immerse in DCM (1 hour)
3. Immerse in chloroform (3 hours)
4. Rinse with IPA and then dry with N2 gas
Lift off for contact and gates (when flake is on the chip)
1. Immerse chip in acetone (1 hour)
2. Immerse chip DCM (1 hour)
3. Immerse chip in acetone (3 hours)
4. Rinse with acetone and IPA, then dry with N2
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